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Abstract - The paper proposes and analyses the 
coupled-inductor version of the currem-doubier 
rectifier. The analysis shows that caupiing of the 
inductors can reduce losses both in transformer and 
inductor winding. Praaical design procedure of the 
coupled-inductor and experimental restdts for 1900 W 
telecom redder are included 



1. INTRODUCTION 

Curreat-doubier topology was presented in the literature 
as a possible way to reduce power losses in the 
transformer secondary side winding of the full-wave 
buck-derived converters, stich as push-pull, half-bridge 
[1], [2] and full-bridge [3], [4]. In comparison to 
conventional ccnter-tapped tt)poiogy these losses can be 
dcCTcased by approx. 50%. The penalty for that 
improvement is a need for an additional hiductor. This 
inconvenience can be partially alleviated by integrating 
both inductors on a common core. Integration without 
mastic coupling of the windings was discussed in [1] 
and (4]. 

The main goal of this paper is to propose and analyse 
cuirent-doubler with coupled-inductor and to show its 
advantages over the non-coupled version. 

The electrical schematic and inductor winding 
arrangement for the coupled-inductor version of the 
current-doubler are shown in Fig. 1. 

Section 2 of the paper shows the proposed coupled- 
inductor and derives its electrical model needed for 
furdier analyses. Section 3 presents derivation of 
analytical expressions for current waveforms in the 
coupled-inductor current doubler and discusses influence 
of the coupling coefficient on these waveforms. Section 4 
shows that the coupling of windings reduces rms current 
values in the transformer secorxiary and inductor 
windings. In Section 5 the flux waveforms in the core are 
derived to determine its saturation conditions. Section 6 
presents practical design procedure of the coupled- 
inductor and some experimental results on 1900 W 
telecom rectifier. Section 7 summarises die most 
interesting conclusions of the paper 

2. COUPLED - INDUCTOR AND ITS MODEL 

In this section die proposed coupled-inductor structure 
will be presented, parameters of its reluctance and 
electrical models will be derived and their relationships 
discussed. 





Fig. L The proposed coupled-inductor current-doubler: 
(a) electrical schematic, (b) coupled-inductor realisatioiL 

The proposed coupled-inductor structure is shown in Fig. 
2. The windings are placed on the outer legs of tte 
double E-type cote. Direction of the windings is so thiOtv 
die fluxes produced by die currents it and \i add togetiidr 
in the center leg. Botii windings have die same number of 
turns equal N. 




Hg. 2. Realisation of the coupled-inductor. 

The core has air-gap l^c in the center leg and two equal 
air-gaps \^ in the two outer legs. Simplified reluctance 
model of such magnetic structure is shown in Hg. 3. 
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Fig. 3. Reluctance nxxid of the coupled-iiidQC^ 

In the above model So rqnesenis the rHnrfanrr of each 
oufer ooce leg, whidi is nonnally donmaiBd by the 
reluctance of the air-g^. Rc represents the equivaieat 
rdiictance of the center leg, wfakfa consists of two 
components* one resulting fiom the air-gap 1^ and the 
other one from the stray field. In practice the stray field 
component can quite strongly nrfloence the value of Ho 
whkh makes calculation of the required air-gap very 
difficult 

The model of Fig. 3 can be easily described by the 
following equations: 



N i, (la) 



■N-i, (lb) 



Multipiyii^ (1) by. N and then diflE ere ntiating with 
respea to time gives: 

di ' dt 



V, ^ N 



- M 



where: 



dt 



(2a) 
(2b) 



^.•(J?,+2i?.) 



Man^nilating eqs. (2) one can obtain: 

<fi, di, di, 
v..(I.-M).-^-A/.(^-^) 

cH, di, dL 



(3a) 



{3b) 



(4a) 



(4b) 



Now eqs. (4) can be leptesented in die circuit model 
form shown in Hg. 4. Tbe mdel is con^osed of the 
ideal transfonner widi 1 : 1 tms ratio, die anihial 
indoctance Mand the inductance L, which is.equal: 



Con^imng (3) and (5) yields: 



(5) 



*,+2-^ 




Fig. 4. Qectiical model of the coupled-inductw. 

R. 



m 



In addition to L wd M in the fuither analysis die- 
coupling coefficient k defined as: 




(7a) 



wiQ be used. Insoting now. (6) in (7a) the coupling 
coefficient k can be e xp r e ss ed by the parameters of di 
reluctance modeL 



1 



(7b) 



Eqs. (6) and (7b) link parameters of the electrical model 
of Fig. 4 with tbe elements of the reluctance model of 
Fig. 3. 

The analytical relation between parameters of the 
reluctance model and physical parameters of the core is 
difficult to establish and in practice size of the air-gaps 
mtist be selected experimentally. The reluctance model 
fecilitates however understanding of the influence of the 
air-gaps on the parameters of die electrical model from 
Fig. 4. For example, it enables to note that changing the 
proportion to 1^ one can influence proportion Ro to R,. 
and thus modify the values of die mutual inductance 
and coiqiling coefficient ic For Ro » Rc (air-gaps in tfae^ 
outer legs only) the inductance M and coupling 
coefficient k are close to 0 while for Ro « Re (air-gap m 
the center leg ody) the inductance M becomes much 
Jarger t&eia^i^L W Keeping additionally 

the sum of Ro 2*Rc coi^tbit, oik can change M and k 
without influencing the value of the inductance L (see eq. 
6a). In this way the influence of die coupling coefficient 
on the current-doubler parameters can be convcniendy 
analysed withottt affecting die value of inductance L. 



3. CmRENT WAVEFORMS IN THE COUPLED- 
INDUCTOR CURRENT-DOUBLER 

The goal of this section is to derive analytical 
expressions for the current waveforms of the coupled- 
inductor current-<ioubIer and to analyse the influence of 
the coupling coefficieot k. 



(^) Cunrent waveforms 



To derive the current wavefwins, the electrical model of 
the coupled-inductor from Fig. 4 will be implemented in 
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the current-doubler ciicuir of Hg. 1. Then four imervats 
of the switching period will be discussed 

The coimit iM«v^t)nDS of die couple^ 
are composed of faar iioear secttoDS each coi Te s ponding 
ID Qoe isGcrvsai . of die cxtcint operation.' The cutreot 
wavelu r m in esdi jmierval will be descntod by two 
quantities, die increineiit Ai and die average value L La . 
Hg. S the exoB^ks of the wavefionns i^ is and ii are 
shown and didr increments di as wcfl as dntjHatio D 
and periodTi. defined 




Fig; 3. Current wavfefcms m Ae . coiqtkid-inductor 
windings ib i} and dieir sum ii -t- 12. 

buenuJ "a*": 

The equivaieixt schonadc for the first active interval "V* 
is presbnted m Rg. 6, where is the voltage on die 
secondary windii^ of the tranfifoaner .and is the 
output yxAtigfi* 




Bg. 6. Equivalent circuit for intaovd *a". 
As seen firom Hg. 6: 



Oiffercmiating with respect to dme and muicipiying by M 
yields: 



dt dt di 
Talcing uito 3000 *^^^ tfaatr 



14 



di. 



(9) 



(10) 



and writiiig stmilar reiatioas for the voltages on bodi 
bidnctanccs L one gets die foUowing system of 



(lU) 



T ^ rr 



(Hb) 



(11c) 



Inserting (lib) and (Uc) into (11a) and solving results 
in: 



Using now (7a), ec}. (12) can be rewritten as: 



(12) 



(13) 



For the forther derivations the expression for the output 
voltage Vo as a function of the Vblta^ amplitude of the 
secondary windmg V, will be needed Assiming diat die 
dc voltage on each inductor winding is 0, V, must be 
equal b die dc voltage value, of each diode, for exanqile 
TfL As seen fiom 6 through 9 dus voltage is equai . 
0 during intervals "a*, T)" and "d** and V, during interyy;^^^ 
*c\ Taking^ into account dnradon of die above inter^ ' 
(refer ID Eg. 5) it is easy to show diat* 



(14) 



Now 5ufa$tituti&g^^(13) ^iU) mto (lib) and (Uc). leads 



to: 



.(2-D- 



(15a) 



(15b) 



(8) 



Rq)laciag dt with I>T„ di| with Ait and ^ wilb Aiz one 
can derive fiom (ISa) and (ISb) aqnessicHis for both 
current increments and di^ and their sum Ait + Aij for 
the interval "a". The obtained results are presmted in the 
Tiiblel. 

The avenge current values of ji and it during mterval 
*V«eequal: 



43. 



2-3 



(16) 



wiiete Ig is the oaqraK cuneoL 
baerval"b": 

Tbt equivalem cncnii-fiDr interval IT is shown in 7. 





1 4i^i>^* 










til 



Hg. 7- Equivalent drcttit fbr imerrai "b". 

Compared to Hg. 6 the oniy change is that die 

transfonncr secondary voltage drops to 0 (passive 
imeml) that can be used in (llbX (11c) and (12) to 
give: 



(17a) 



(I7b) 



Using similar procedure as above one obtains from (17) 
expressions for Ait, ddz and Ait -4- Aii for ^ interval, 
tte results are given in the Table 1. 

The average current values for interval 1>' cm be found 
fiom the relations (refer to Hg* S): 



" " 2 2 



2 2 



(18a) 
(18b) 



where Aii^ Aii^ Ai^a and Ai;^ are given in the T^ble 1. 
The final results for Ii^ and I^^ shcmi in die Table 2^ 

bOerveds "c* caul 

The Hgs. 8 and 9 show die equivalent circmts for die 
second ai^ve iitferval and tte second passive interval 
''d^ Derivation of all current inczemeats and average 
values for these intervals can be done is analogous way 
as it was sboixrii above for intervals "a* and H)**. AU 
results are ^veii in Tables laad2. 
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Fig. 9. Eqnivaleat circuit for interval "d* 
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Table L Incremental components of the coupled-inductor 
currents, in switching intervals "a" through "d". 
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Table 2. Average values of die coupled-inductor currents 
in switching intervals ''a" ttim ngh M", 

Rrcan die Tables 1 and2itcan beconchideddiat: 

. the coupling coefficient k influences current wavefoms 
ii and i^ but does not affect die output current i^ » i| -f i^ 

- current waveforms ii and i^ are identical but diified 
180 degrees in t 



Rg. 8. Equivalent citcuii for intoval "c" 



To illijstrate die influence of inductee- coupling on the 
current waveforms Fig. 10 sbows die example of the 
current ti for tfaee values of the coupling coefiScient L It 
can be noted diat when k approaches 1 both currents ii 
and 12 become equal • 
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Hg. 10. Loductof curreol wavefonn it 
coupUi^ coefficient values L 



vanous 



4. INFLUENCE OFTHEIM^UCrOR COUPLING ON 
THE RMS VALUES OF THE TRANSFORMER AND 
INDUCTOR CURRENTS 

The current waveform in the tnmsfixmer secondary 
winding dq)ends on the primaiy side cmverter topology. 

dus paper die phajX-shified fiall-bhdge . topok^ 
shown in Hg. 1 1 is considered. 



Qt 



Ch 



IK 




Fig. 11. Elecnicai scfaemadc of die phase-shified full- 
bridge witli die coupled-inductor cunent-doobler. 

Operation of tiae primary side has been discussed 
thoroughly in [5} and will not be iq)eated here. 
PWicular feature of this topology is diat for passive 
intervals "b* and "d** the current in die transfiOTJcr 
secondary winding ittiams equal to the current of die 
ooiq>Ied inductw it and it. respectively. This resuhs from 
die fact diat die primary winding is shorted and die 
primary cutrent maintains circulation dsrou^ die 
commmating. indkictor L^ and scsne stray indiTTtances of 
die transfonner. 

As a result the current waveform in the transfmner 
secondary winding follows dial of L| in intervals *'a'* and 
'V* and dien changes direction and follows diat of ii for 
die intervals '^c** and **d". So to calculate the nns current 
valt» in the transformer secondary it is enougji to 
consider only two intervals, for instant "a" and *b\ 



The derivad n of die nns current value is based on die 
£3ct that for the piecewise linear waveforms composed of 
n intervals, each characterised by the duration t^, average 
value Ii and increment Ait, die foUowtng fonnula can be 
applied: 



(19) 



Thus the nns c urrent value for transformer secondary 
I«,aM^ can be calculated frcHn: 

C'^{/w*+^)-Kl-i^-{V+^) (20) 

Inserting now die relevant expressions from die Tables 1 
and 2 and normafising to 0.5*1, die formula for (I^ on / 
can be derived (not shown here for die sake of 
space). The calculated results ftH- practical values D =: 0.8 
uid ^ s 0.2 • Iti are shown in Fig. 12. 




Fig. 12. Influence of the coupling coefiicient k on nns 
current vahie in die transfcamer secondary winding. 

The above curve shows diat coupling of die inductors 
reduces die value of (I^ an'OJ lQ)\ and dius die co]^ 
losses in die transformer. This is a clear advantage of tS^'^ 
coupled-inductor version over die non-coupied one. 

In {ffacticai application fonnx^ k very close to 1 is not 
recommended, as It does not bring much improvement in 
the lossii^aiidton die other baiidK makes the inductor core 
^ seasitii^ to tmymEmtj^ ofi^mductor dc currents (refer 
toSec5). '7 



Each inductor wincUng has id^cal rms current value 
diatcanbecaicttlatBd(forfxamplef(»'ii) from: 

W»0.5.[D.(/^V-^)+(1-D)-(V+^) + 

D^(lJ^^)Hl'DyiIu'^^)] (21) 

Similar procedure as described above leads to the 
formula for nonnsdised rms currmt value of each 
inductor winding as a function of die coiqiHi^ coefficient 
k. For duty^rado D s 0.8 and output current ri|q>le Aip » 
0.2 -lo die calculated results m presented in Fig. 13. 
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Hg. 13. Influence of the coupling coeffideitt k oo nns 
cuirem vdue in the coupled-indued 

Also here it can be seen that coupling iMween the 
wiiidfavs is desirable to lediice the nns cui^^ 
tfaus-poirar losses in the coupied-indoctor. 



5. FLUX WAVEFORMS IN THE CORE OF THE 
COUPLED-INDUCTOR 

Ac flux waveforms 

Now die flux wavefbnns in die coie of die coupled- 



(a) 



V»-Vo 



(b) 



(4 




DTs 



Hg, 14. Windii^ voltages and ac flux wavefiunss m the 
outer and oenier legs. 



inductor will be dehved. Similarly to die current 
wavefonns die ac and dc components will be .presenied. 
To find ac flux components it is convenient to use 
voltage wavefonns vt and V2 on die two windings. These 
voltages ate shown in Hg. 14aandb. 

Using.diB Faraday^ fonnuias: 



XT ^1 



(22a) 



(22b) 



one can easy note diat die ac components of the fluxes 
and have die wavef<»ms shown in Fig. 14 c and d, 
whetei 



= AO. =illIi..(2-D) 
I » ^ ' 



(23) 



It is worthwhile to note dial the ac wavefonns of ^ and 
<t4 in contrary to current waveforms have only two linear 
segments during one period and do not depend on die 
coupling coeffidem L 

The ac aHuponent of the flux in die cei^ is shown 
in Fig. 14 e, where: 



2'V T 
N 



(24) 



Nodce diat die ac flux wavefi^m in die center leg has 
doubled firequency and smaller amplitude dian the flux in 
die outer legs. 

Qgflhi:^ waveforms . 

Dc flux components and 4>2jc and their sum = 
-f- can be obtained by ccndrining eqs. (I). (3) 
and (S) for dc quantities: 



(25a)^ 

(25b) 

(25c) 



From (25) one can see diat for M » L (good coupling) 
die outer leg fluxes and are sensitive to dc 
current unsymmetry ilplil. 

Since in tte cunent-doubfer topology dteie is no 
inherent mechanism forcing both windings to share 
equally the dc cunent it seems important to investigate 
Actors influencing the possible cuneitt msymmetry. This 
can be done usii^; the dc model of the ciicuit shown in 
Fig. 15. 

The resistors R{v R2 and R, represent parasitic dc 
resistances f die inducts windings and transfoimer 
secondary, respectively. Th voltage sources Vdi and 
Vo2 represent dc voltage cosoponents of both diodes Dt 
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Hg. IS. Dc equivalent cixcutt of the current-doubter. 

and Dz, respecdvciy, and can be derived considenng 
dieir voltage vvavefbnns during all four swilcfamg 
intervals ""a^ dirougb "d'» as: 



{26a) 



(26b) 



^ere Vpi« Vp2 denote fonvaiti voltage drops of the 
COTcesponding diode. Solving the circuit of Hg. 15 oi» 
obtains die following expression for current unsynnnetry: 



(27) 



From (27) one can notice thsa the current unsynimetry 
can be caused by umM^ual resistances Ri and R^, while 
potential unequalicy of Vp, and is not relevant 
. Concluding it is important, to pay attemion to maintain 
total resistances Rt and R^ Cmcluding the cocrespcMKjang 
layout Graces) as equal as possible. 

In practice^ however the currents Ii and I2 are never 
idendcal. It afiects the maximum flux value, that is 
derived in die following. 

Denoting I, =: a.5-(Io + AI) and I2 0.5-(lo - AI), inserting 
in (25) and manipulating one obtains: 



I/. 



2 A/ 



(28b). 



It can now be easily seen diat, assuming positive AI, <fri^ 
is greater than and thus must be considered for tl» 
core saturation conditions. 

Peak v^ue of the flirt 

Adding to the half of the A4^i from (23) the 
expression for maximum value of the total flux ^1, 
obtained: 



IS 



— -'(X-^ 



A/ M 



0 



(29) 



Eq.: (29) describes the critical flux value that has to^be 
taken into accocmt during design process to avoid core 
saturation. It is interesting to notice that for k 



approaching 1 <t>\jaa becomes quite sensitive to die dc 
cunrent unsymmetry This is a good reason to limit the 
value of k in practical desigu. 



6w COUPLED-INDUCTOR DESI<»I PROCEDURE 
AND EXPERIMENTAL RESULTS 

Caiijpled-indnctpr desipi procedure 

The foitowisg <fesig0 procedure is proposed. 

.S(Scj7 A Calcuiatibn of the indiictaace value L. 

Aggimwng the ac component of the output current. Aiq, 
switching period T^, output voltage and dmy-ratio D 
die inductance L can be calculated from the following 
equation, diat can be derived from Table 1: 



i = 



At 



(30) 



2. Determination of dui coupling coefficient k. 

The value of k is selected assuming die maximum 
anticipated cunrent unsymn»try AI/Io and its allowable 
influence on the value of <&i (sec (29)). 

Siep 31 Selection of the core size. 

Using the fonnula for the Area Product as derived in 
Appendix: 



AP 



\\1'L-I^ 2 A/ 2-D Ai T' 
= - .(14— ^—-h ^ ^ '^)\ (31) 



Mdiere L shotild be inserted in H, in.Tesla aod Iq in 
AmpSy the required AP in cm^ and thus core size can be 
found. 

5/ep4. Detennination of die turns numbo'N. 

Putting &e AP value of die sdected core into eq. (A^.^ 
from Appendix die valiie of maximum current density liBRt. ^ 
30 deg.C temperature rise J30 can be calculated. Then 
using (A3) the number ^f turns N is obtained. 

Step 5. Scleqtion of die air-gaps 1,9 and I^:, 

Since the calculation o£ Jtte: dr-gaps is very difflcuit they 
must be selected expefuaBntally. First loiowing L and k 
one has to calculate die value of the ioductanoe M: 



1-i 



(32) 



Next selection of the air-gaps must be done so diat L and 
M meet the calculatoi values. This can be done by 
measuring two inductance values. The first one is 
measured between, terminal 3 and shorted terminals 1 
and 2 and, as can be shown using model of Hg.^, is 
equal ^-L. The second one is measured b^een 
terminals I and 3 witii tenninal 2 opened and is equal L 
+ M. 

Using the above procedure a coupled-inductor for the 
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1900 W telecom cectifier has been designed. Tbe final 
results are: core E 55/28/25 - N27 (with A« = 4:2 cxn^ and 
A» a 3.7 cm^), N 3 20 tuns, 1^ ^ 5 J mm and lg» = OJ 



Such inductor, ^vas implementfid in the rectifier and die 
experimental current wavefonns in the trans6xmer 
secondaxy and bodi inductor windings are presented in 
Hg^ 16aandb,respecihFeiy. 



5. The critical for core saturation flux value occurs in 
one of the outer legs of the coupled-inductor. 

Summarising, die coupling of inductors in die cunrem* 
doubter topology is recommended to reduce power 
losses in die secondary trans fiwaer and inductor 
windtngii This can be achieved by integration of bath 
inductors on a cammon core and by proper adjustment of 
die asr-gaps- 
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Hg. 16. Experimental currem waveforms in die coupled- 
inducttt- current-doublen (a) secondary transformer 
windti« 5 AAfiv, 2|xs/div; (b) inductor windnigs: 2A/£v. 



7. CCH4CLUSI0NS 

In the paper the coupied-hiductor version of the current- 
doubler topology was proposed and analysed. The 
analysis of die inSuence of the inducted' coupling 
coeffideM on the current and flux wavefioixns leads to 
the feOowmg contusions. 



1. 'The ac- current wavefonns m the coi^ledrindo 



windings dqiend on the coupling coefficient k. With 
mcreasing value of k their amplitudes decrease and for 
k^l reach minimum value. 

2. The nns current values and dnts power losses m .bodi- 
transfonner daai coupled-inductn^ windings decrease with 
increasing coupling coefBcient k. 

.3. The sum of the two windmg qmems of die coi^fcd- 
inductrar (which equals the ouQmt cunent ij does not 
depend on the coupling coefficiait k. 

4. The ac flux wavefonns in die coupled-indiicter core 
do not deprad on die.coupling coefBcient k. 



APPENDIX 

To avoid core saturation the followir^ condition must be 
observed: 



' wiiere Ao is die cross-section of the outer leg. Combiaiog 
(6a).and (29) die following expression is (Stained: 



(A2) 



Assmnmg now that die dc winc&ng losses are dominam 
die number of tuns N can be expressed as: 



OS I 



(A3) 



where A« is the core window area, Koi is the copper 
filGng factor and J30 is die asmsat density that would 
prodoce 30 C uiductDr temperature rise with natural 
cooling. This value is empiricaQy rdaied to die core 
Area Product AP by: 



(A/cm^) 



(A4) 



Inserting (A4) into (A3) and dien result mto (A2) and 
solving for AP = A^ - Ac gives finally cq. (31). 
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